Selective ion conduction across ion channel pores is central to cellular physiology. To understand the underlying principles of ion selectivity in tetrameric cation channels, we engineered a set of cation channel pores based on the nonselective NaK channel and determined their structures to high resolution. These structures showcase an ensemble of selectivity filters with a various number of contiguous ion binding sites ranging from 2 to 4, with each individual site maintaining a geometry and ligand environment virtually identical to that of equivalent sites in K þ channel selectivity filters. Combined with single channel electrophysiology, we show that only the channel with four ion binding sites is K þ selective, whereas those with two or three are nonselective and permeate Na þ and K þ equally well. These observations strongly suggest that the number of contiguous ion binding sites in a single file is the key determinant of the channel's selectivity properties and the presence of four sites in K þ channels is essential for highly selective and efficient permeation of K þ ions.
Selective ion conduction across ion channel pores is central to cellular physiology. To understand the underlying principles of ion selectivity in tetrameric cation channels, we engineered a set of cation channel pores based on the nonselective NaK channel and determined their structures to high resolution. These structures showcase an ensemble of selectivity filters with a various number of contiguous ion binding sites ranging from 2 to 4, with each individual site maintaining a geometry and ligand environment virtually identical to that of equivalent sites in K þ channel selectivity filters. Combined with single channel electrophysiology, we show that only the channel with four ion binding sites is K þ selective, whereas those with two or three are nonselective and permeate Na þ and K þ equally well. These observations strongly suggest that the number of contiguous ion binding sites in a single file is the key determinant of the channel's selectivity properties and the presence of four sites in K þ channels is essential for highly selective and efficient permeation of K þ ions.
nonselective cation channel | potassium channel T he structure determination of several K þ selective and, more recently, bacterial nonselective cation channels has, over the past decade, vastly increased our knowledge of ion selectivity mechanisms (1) (2) (3) (4) (5) (6) (7) (8) . In K þ channels, the TVGYG signature sequence has emerged as the fundamental element imparting high K þ over Na þ selectivity (9, 10) , forming four contiguous and chemically equivalent K þ binding sites composed of backbone carbonyl oxygen atoms from filter residues together with the hydroxyl oxygen atoms from the conserved threonine. Conversely, the TVGDG filter sequence of the NaK channel from Bacillus cereus, although similar in length and amino acid composition to those of K þ channels, forms a nonselective filter preserving the two most intracellular sites of K þ channel filters along with a wide, water-filled vestibular region on the immediately extracellular side (7) (Fig. 1A) . Debate lingers in the field about the underlying factors contributing to these selectivity differences. Although available structural studies of K þ channels seem to favor the classical snug-fit model to account for K þ over Na þ selectivity (11, 12) , computational studies on K þ channel selectivity, in some cases using an isolated K þ binding site in their calculations, usually invoke one or more of the following concepts: the coordination number of the ion, chemistry of carbonyl oxygen ligands, intrinsic dynamism of the selectivity filter, solvent exposure of the ion binding sites, or the free energy landscapes of ion entrance and translocation in a multiion configuration (13) (14) (15) (16) (17) (18) (19) (20) (21) . To further understand the underlying principles of ion selectivity in tetrameric cation channels, we engineered a set of cation channel pores whose selectivity filters contain three (equivalent to sites 2-4 or sites 1-3 of a K þ channel) or four (equivalent to sites 1-4 of a K þ channel) ion binding sites and determined their structures to high resolution (1.55-1.75 Å). Combined with single channel electrophysiology, we demonstrated that only the channel with four ion binding sites is K þ selective, whereas those with two (as in wild-type NaK) or three are nonselective and permeate Na þ and K þ equally well.
Results
The NaK Channel with Two Contiguous Ion Binding Sites Is Nonselective. The NaK channel shares an overall similar architecture with K þ channel pores, and its two discrete ion binding sites share a seemingly identical chemical environment as sites 3 and 4 in K þ channel filters (Fig. 1A) . Superimposition of the NaK and KcsA selectivity filters reveals a virtually identical ligand geometry at sites 3 and 4, formed by the Thr63 and the Val64 residues in NaK (Fig. 1B) . However, as shown in single channel recordings using giant liposome patching (Fig. 1C) , the channel conducts Na þ and K þ equally well with an I-V curve showing a single channel conductance of about 35 pS and a reversal potential of zero in biionic conditions (150 mM KCl in the bath and 150 mM NaCl in the pipette). Although the single channel openings are noisy and the absolute conductance consequently uncertain, the reversed polarity of channel openings at positive and negative potentials near zero confirm the lack of selectivity between Na þ and K þ . Notwithstanding other contributing factors, we hypothesized that number of inline binding sites is likely an important determinant of the drastically different selectivity properties in different tetrameric cation channels. This hypothesis, extended to other members of the family, has direct implications as discussed below.
Structure and Function of Cyclic Nucleotide-Gated (CNG)-Mimicking NaK Mutant with Three Ion Binding Sites. CNG channels play a central role in visual and olfactory signal transduction (22) (23) (24) (25) . They are nonselective tetrameric cation channels that conduct most group 1A cations in addition to permeating Ca 2þ . From a sequence alignment of several tetrameric cation channel selectivity filter sequences (Fig. S1 ), CNG channels stand out due to their altered selectivity filter sequences, both in terms of residue composition and signature sequence length, compared to NaK and various K þ channels. These changes likely underlie a different filter architecture. In our accompanying study, we generated a set of NaK mutants by replacing its selectivity filter sequence with those of CNG channels and determined their structures at very high resolutions (see accompanying paper). One such mutant named NaK2CNG-D, in which the NaK selectivity filter sequence of T 63 VGDGNFS was changed to T 63 VGDTPP and whose structure was determined to 1.62 Å in complex with K þ , will be used as in this discussion.
The NaK2CNG-D structure reveals three contiguous ion binding sites, akin to an intermediate between NaK and KcsA ( Fig. 2A) . The structural conversion from wild-type NaK to this mutant filter involves a dramatic main-chain conformational change at the acidic residue (Asp66) and the preceding glycine (Gly65) (Fig. S2 ). Consequently, Gly65 in NaK2CNG-D adopts the same main-chain conformation as the equivalent glycine (Gly77) of the TVGYG filter in KcsA with its backbone carbonyl pointing toward the central axis of the filter ( Fig. 2 A and B). This structural change results in a replacement of the water-filled vestibule in NaK with an additional ion binding cage in the mutant, utilizing eight backbone carbonyl oxygen atoms from Val64 and Gly65 as ligands. The position of this site is equivalent to site 2 in the selectivity filter of KcsA and is numbered as such for comparison. Ligand geometry of the three ion binding sites in the NaK2CNG-D mutant is virtually the same as the bottom three sites (sites 2-4) of KcsA with a main-chain rmsd of 0.08 Å between their filter-forming TVG residues (Fig. 2B) . However, like the wild-type channel, the NaK2CNG-D mutant is still nonselective. As shown in single channel recordings (Fig. 2C) , the I-V curve of the mutant channel has a reversal potential of zero in biionic condition indicating the same permeability for Na þ and K þ . The NaK2CNG-D mutant has a higher single channel conductance (∼110 pS) than that of NaK (∼35 pS). This difference could be attributed to the presence of a constriction point at the external entrance of NaK formed by the backbone of Gly67, which is absent in NaK2CNG-D, or the change in the number of ion binding sites. NaK2CNG-D in complex with Na þ has the same structure as that of the K þ complex (accompanying paper), indicating that the channel filter does not undergo structural changes upon Na þ binding.
Converting NaK to a K þ Selective Channel. The introduction of an additional discrete ion binding site in the NaK selectivity filter as seen in NaK2CNG-D is clearly insufficient to impart higher K þ selectivity to the channel, suggesting a minimum of four contiguous ion binding sites for high K þ ∕Na þ selectivity. We took our analysis a step further by generating another NaK mutant whose selectivity filter contains four equivalent ion binding sites similar to those of K þ channels. Although there is only a single residue difference in the selectivity filter sequence between NaK and K þ channels (TVGDG versus TVGYG) (Fig. S1 ), the selectivity filter of an Asp66Tyr mutant of NaK remains largely unchanged and the channel is still nonselective. However, the introduction of a second mutation, Asn68Asp, leads to a significant main-chain conformational change at the GYG residues and results in a mutant channel with selectivity filter similar to that of KcsA (Fig. 3A) . Similar to the Asp66Tyr mutant, Asn68Asp alone is not sufficient to convert NaK to a K þ selective channel. In this Asp66Tyr/Asn68Asp double mutant (named NaK2K in the following discussion) whose K þ complex structure was determined at 1.55 Å, the Asp68 side chain folds back toward the channel pore and forms a hydrogen bond with Tyr55 in the pore helix, which likely helps stabilize the selectivity filter in a configuration similar to that of K þ channel filters (Fig. 3A and Fig. S3 ). In the wild-type NaK channel, on the other hand, the side chain of Asn68 points upward and is exposed to external solution (Fig. 1A) . The selectivity filter of NaK2K superimposes well with that of KcsA with main-chain rmsd of 0.17 Å between their filter-forming TVGYG residues (Fig. 3B) . However some differences in protein packing surrounding the filter are observed. First, the acidic residue Glu71 on the pore helix of KcsA, which forms a hydrogen bond with Asp80 (equivalent to Asp68 in NaK2K) is replaced by Fig. 1 . Ion binding and conductance in NaK. (A) The selectivity filter structure of NaK in complex with K þ ions (PDB 3E8H). The 2F o − F c map contoured at 1.5σ shows the electron density (blue mesh) of water and K þ represented by red and green spheres, respectively. (B) Superimposition of the NaK filter structure (green) with that of KcsA (magenta, PDB 1K4C). Two diagonally opposite subunits are shown for clarity. (C) Single channel traces of NaK at AE20 and AE80 mV and its I-V curve. Currents were recorded using giant liposome patch clamping with 150 mM NaCl and 150 mM KCl in the pipette and bath solutions, respectively. The same method was used in the recordings of all NaK mutants. valine in NaK2K. Second, two buried water molecules participate in a hydrogen bonding network surrounding the filter of NaK2K whereas only one water molecule was observed in KcsA (Fig. S3) . Interestingly, protein packing surrounding the NaK2K mutant filter is very similar to that of the MthK K þ channel (26) (Fig. S3) .
To test whether the selectivity filter change observed in the NaK2K mutant translated into higher K þ selectivity, single channel recordings were obtained in biionic conditions using giant liposome patching. As shown in Figure 3C , the NaK2K mutant is highly K þ selective under biionic conditions with a reversal potential of about 80 mV, equivalent to a permeability ratio (P Na ∕P K ) of about 0.04. The single channel conductance of the mutant is about 120 pS in symmetrical KCl, slightly higher than that of NaK2CNG-D (Fig. S4A) . In the absence of K þ , NaK2K can also conduct Na þ albeit with a much lower conductance (∼10 pS in symmetrical 150 mM NaCl), suggesting that the filter of NaK2K remains conductive even in the absence of K þ (Fig. S4B) . Indeed, the structure of NaK2K in a Na þ only environment is the same as its K þ complex (Fig. S5) .
Reduction of Site Number from 4 to 3 in K þ Channel Diminishes K þ Selectivity. To eliminate the possibility that protein packing differences in the region surrounding the filter rather than number of sites between NaK2CNG-D and NaK2K contribute to the difference in ion selectivity, an additional mutation, NaK2K_T63A, was made, which removes the side-chain hydroxyl group of Thr63 facing the central cavity and eliminates the fourth K þ binding site while maintaining the top three as well as the protein packing surrounding the filter. Consistent with our conclusion, the triple mutant channel loses K þ selectivity, permeating Na þ equally well, similar to the NaK2CNG-D mutant (Fig. 4A ). An equivalent mutation in the naturally occurring MthK K þ channel (Thr59Ala) also converts this highly K þ selective channel into a virtually nonselective one (Fig. 4 B and C) . Compared to wildtype MthK (26), the structure of MthK pore carrying a Thr59Ala mutation reveals no structure change at the selectivity filter other than the missing threonine side chain. The mutant channel retains strong and equivalent K þ binding at the top three sites, whereas K þ binding at site 4 is significantly diminished (Fig. 4D ). These observations are in contrast to studies of the Shaker K þ Fig. 3 . Ion binding and conductance in the K þ selective NaK mutant, NaK2K. (A) The selectivity filter structure of NaK2K in complex with K þ ions. The F o − F c ion omit map (1.55 Å) contoured at 5σ shows the density (blue mesh) of four K þ ions in the filter. (B) Superimposition of the NaK2K filter structure (green) with that of KcsA (magenta). (C) Single channel traces of NaK2K at 0 and AE100 mV, and its I-V curve. For a better assessment of reversal potential, the I-V curve was obtained from the average of 20 current traces recorded using a patch containing multiple channels with voltage pulses ramp from −100 to þ100 mV over 400 ms duration. channel where the equivalent mutant remains K þ selective (9). The discrepancy may be explained by the fact that, unlike the NaK2K mutant or MthK, K þ ions may be required to stabilize the selectivity filter of the Shaker channel in a conductive conformation, much like KcsA. This K þ dependent filter stability adds another layer of K þ selectivity in KcsA and Shaker (4, 27, 28) , likely making both channels still K þ selective even after the elimination of site 4. In contrast, K þ is not required to stabilize the filter in MthK and the NaK2K mutant, whose selectivity filters maintain a conductive conformation and are permeable to Na þ in the absence of K þ (26) .
Discussion
The structures of wild-type NaK and its mutants, NaK2CNG-D and NaK2K, showcase a series of selectivity filters comprising two, three, or four contiguous ion binding sites, respectively, with similar chemical environments. Although the ligand geometry of each individual site in these channels is virtually identical to equivalent sites in the KcsA K þ channel, with ligand-to-K distances in the range of 2.6-3.1 Å (Fig. S6) , only the selectivity filter containing four ion binding sites exhibits high K þ selectivity. Furthermore, the higher K þ selectivity resulting from four sites does not sacrifice, and may actually enhance, the rate of K þ permeation, as NaK2K has a higher single channel conductance for K þ than NaK2CNG-D or NaK2K_T63A. Similar results were also obtained for MthK and its Thr59Ala mutant. Having four equivalent and contiguous ion binding sites in the filter, therefore, seems to be an essential feature in K þ channels that allows selective and efficient permeation of K þ ions. This necessity has not been adequately explained or taken into account by the classical snug-fit model or current theoretical calculations. The findings herein clearly demonstrate that the underlying mechanisms of ion selectivity in K þ channels are far from being fully grasped and warrant further investigation.
To reveal the structural mechanism of ion selectivity in a tetrameric cation channel, a detailed analysis of how K þ and Na þ competing for the ion binding sites in a multiion pore is necessary. Whether in a nonselective channel pore with two or three ion binding sites or in a K þ selective pore with four ion binding sites, K þ ions always reside at the center of each site surrounded by eight oxygen ligands in a square antiprism configuration. Conversely, Na þ binding seems to preferably occur toward the edges of ion binding sites almost in plane with the ligand groups (7, 21, 26) (also see accompanying paper). It is interesting to note that, in the recent high-resolution structural study of the K þ selective MthK pore, one K þ ion is seen to remain bound in the filter even at low-K þ ∕high-Na þ concentrations, preferably at site 1 or 3. This observation indicates that K þ binding at the four seemingly identical sites is not equivalent at low concentration with sites 1 or 3 being more favorable for K þ over Na þ (26) . This preference for K þ at specific sites does not seem to be the case for nonselective NaK2CNG-D, in which K þ ion at all three sites can be replaced by Na þ in an equivalent low-K þ ∕high-Na þ environment. However, even with high-resolution structures in our studies, an accurate determination of the position and occupancy of K þ or Na þ ions in the filter is not trivial, complicated by the fact that water molecules, which have the same number of electrons as Na þ , can also bind. Further studies are therefore needed to determine unambiguously the difference in ion binding of two competing ions (Na þ and K þ ) within selective and nonselective cation channel pores.
Materials and Methods
All NaK mutants used in structural and functional studies were generated on the background of NaKN∆19, a truncated form of the NaK channel from Bacillus cereus lacking the N-terminal 19 residues. Protein expression, purification, and crystallization were performed following the same procedures as those for NaKN∆19 (29) . Crystals were of space group I4 with unit cell
, and contained two molecules per asymmetric unit. The fourfold axis of the channel tetramer coincided with the crystallographic tetrad. The structures were determined by molecular replacement using the NaKNΔ19 structure with selectivity filter region omitted as an initial search model. Detailed data collection and refinement statistics are listed in Table 1 .
Ion selectivity studies of NaK, its mutants, and MthK_T59A were performed using giant liposome patch clamping. NaK and its mutants for functional assays contained an extra Phe92-to-Ala mutation to enhance the single channel conductance. The proteins were purified in the detergent decyl maltoside and reconstituted in lipid vesicles composed of 3∶1 ratio of 1-palmitoyl-2-oleoyl-phosphatidylethanolamine and 1-palmitoyl-2-oleoylphosphatidylglycerol (Avanti Polar Lipids) as described (30, 31) . The wild-type MthK was analyzed in lipid bilayers as described (32) . Giant liposomes were obtained by air drying followed by rehydration. Detailed methods of giant liposome patching as well as protein purification and structure determination of the NaK mutants are the same as described in Materials and Methods of the accompanying paper as well as in our SI Text. Purification, crystallization, and structure determination of the ion conduction pore of the MthK_T59A mutant follow the same procedures as described (26) . Values in parenthesis are for highest resolution shell. Five percent of the data were used in the R free calculation. MPD, 2-methyl-2,4-pentanediol.
